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Abstract 

Particle simulation methods represent deformation of an object by motion of particles, and 

their Lagrangian and discrete nature is suitable for explicit modeling of the microstructure of 

composite materials. They also facilitate handling of large deformation, separation, contact and 

coalescence. Mesh-free particle methods will thus be appropriate for a part of issues throughout 

the lifecycle of composite materials despite their high calculation cost. This study focuses on 

three particle simulation methods, namely, smoothed particle hydrodynamics, moving particle 

semi-implicit method, and discrete element method, and reviews approaches for modeling 

composite materials through these methods. Applicability of each method as well as advantages 

and drawbacks will be discussed from the viewpoint of engineering of composite materials. 

This reviewing study suggests capability of particle simulation methods to handle multiphysics 

and to predict various complex phenomena that necessitate explicit modeling of the material’s 

microstructure consisting of reinforcements (inclusions), matrix, and voids. 
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1. Introduction 

Advanced composite materials have frequently been used in aerospace industry taking 

advantage of their high specific strength and stiffness as well as good fatigue properties. The 

favorable characteristics enhance their use in weight saving applications including car industry. 

Failure and strength of prepreg-based continuous fiber reinforced composites were the major 

topic till early 2000s. But with increasing use of composite materials, these materials have 

encountered a wide variety of challenges [1], which include manufacturing and processing, 

interfaces and interphases, fracture and damage, fatigue, dynamic behavior, damage tolerance, 

nondestructive evaluation, and recycling. Meanwhile, there are many reinforcing materials and 

configurations as well as various matrix materials. Experimental evaluations require too many 

laborious efforts to address these issues, and the analytical approaches are thus required. 

The most widely used numerical method is definitely the finite-element method (FEM). 

However, the preprocess for a complex shape generally requires great efforts and experiences 

for mesh adjustments and checks. Therefore, the significant improvement of computation 

powers has not contributed to reduction of the total time consumed from pre-process to post-

process. Sophisticated techniques are often needed to solve problems concerning large 

deformation and moving discontinuity (e.g., crack extension in solids). Existence of the mesh 

is the fundamental cause of these issues. 

Mesh-free methods provide an alternative way to tackle these tough problems. Smoothed 

particle hydrodynamics [2-4] is one of the major mesh-free methods. Another most popular 

mesh-free methods are the element-free Galerkin method [5-7], the reproducing kernel particle 

method [8,9], and the meshless local Petrov-Galerkin method [10-13]. These methods have 

been applied to analyses of laminated and functionally graded materials [14], and a good review 

on various mesh-free methods and their implementation is found in literature [15]. These 
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methods facilitate pre-processing and handling of moving discontinuity thanks to absence of a 

mesh. The major drawback is extremely high calculation cost compared with FEM. Moreover, 

strict application of Dirichlet boundary conditions (e.g., fixed displacements in structural 

analysis) requires special algorithm in the analytical framework. 

Some mesh-free Lagrangian methods represent deformation of a continuum by motion of 

particles. They can easily handle large deformation, separation, contact and coalescence, and 

this characteristic is useful to predict behavior of composite materials under some particular 

conditions. This study therefore aims to review particle-based modeling of composite materials 

found in literature, and focuses on three methods, namely, smoothed particle hydrodynamics 

(SPH), moving particle semi-implicit (MPS) method, and discrete element method (DEM). 

Although several decades have passed since these numerical methods were developed, their 

applications to composite materials are still limited probably because of the high calculation 

cost. Meanwhile, with expanding use of composite materials, phenomena to be solved have 

become more complicated in recent years. Particle simulation methods will be appropriate for 

analyses of a part of challenges throughout the material’s lifecycle from fabrication to 

disposal/recycle, even if severe drawbacks are considered. 

 

2. Smoothed particle hydrodynamics (SPH) 

2.1 Fundamental theory – interpolation method 

SPH had been developed to predict astrophysical compressible flow [16,17], and has recently 

been used to analyze incompressible flow [18], viscous flow [19-22], and solid mechanics [23-

27]. Detailed formulation is found in literature [2-4,26-28]. SPH is a mesh-free Lagrangian 

method that uses particles representing a continuum. The fundamental concept of SPH is an 

interpolation theory that allows a function to be expressed in terms of its value at a set of 
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disordered points using a kernel function. The kernel function refers to a weighting function of 

a particle and specifies the contribution of a variable  at position x. The spatial distribution of 

 is obtained by superposition of the kernel function W. 
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Here, m and  are the mass and density of a particle. D is the solution volume, and the smoothing 

length h denotes the effective width of the kernel, which is typically the cubic B-spline function. 

Subscript b denotes the index of a neighboring particle, and N is the number of particles in the 

effective radius. Using the divergence theorem of Gauss and the fact that W vanishes at infinity, 

a particle equation for the gradient can be obtained as 

        



N

b
b

b

b
bD

hW
m

hW
1

,d, xxxxxxx


 . (2) 

This equation indicates that the gradient of a variable is calculated by the differential of the 

kernel function, and therefore, the governing equations of continuum mechanics (i.e., 

conservation of mass, momentum and energy) are discretized without a mesh. SPH-based 

structural analyses suffers numerical instability under tensile stresses, and reduction of this 

“tensile instability” has been investigated [26,27,29-32]. 

 

2.2 Applications 

Various applications of SPH are found in fluid and solid mechanics in mechanical 

engineering and the other fields, e.g., dams and tsunami in civil engineering, and lava flow in 

geo-engineering [4,33]. 

 

2.2.1 High- and hyper-velocity impact on composites 

High- and hyper-velocity impact of foreign objects on composite materials is a typical 
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application of SPH, since it can easily handle indentation and following fragmentation. In 

addition, the high calculation cost is alleviated because of the short-time phenomenon and of 

the localized deformation requiring a small analytical model. 

An elasto-plasticity material model [34] and a visco-plasticity material model [35] for 

unidirectional composites have been developed and implemented into SPH to address 

perforation induced by impact loading. Hayhurst et al. [36] developed macro-mechanical 

material models of woven ceramic fabric and Kevlar/epoxy composite used in a bumper shield 

system to predict failure phenomena of a multi-shock shield. Hypervelocity impact on a CFRP 

target and a CFRP/AFRP bonded target plate was analyzed with experimentally identified 

material properties for the macro-mechanical material model [37]. 

Chen and Medina [38] modeled a B/Al cross-ply laminate as an inhomogeneous medium, 

not a homogeneous anisotropic medium, to predict detailed impact damage. Thick boron fibers 

allowed fiber/matrix explicit modeling. However, SPH has difficulty in defining clear material 

interfaces because of the interpolation equation (1), and therefore, such modeling approach for 

composites is hardly found in literature. Shintate and Sekine [39] incorporated a particle 

generation and particle merger technique in hypervelocity impact simulations on CFRPs. This 

improved technique prevented numerical fractures, i.e., unrealistic separation of particles not 

satisfying failure criteria, conserving total energy of the overall system 

Although some materials models and advanced numerical algorithms have been developed, 

the fundamental SPH framework have been used to analyze high-velocity impact on CFRP 

laminates [40] and alumina/aluminum composites [41], hypervelocity impact on cryogenically 

cooled aluminum alloys and composites [42], and impact of an explosive-filled fragmenting 

shell into double-plate bumper structure (steel plate and GFRP) [43]. 
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2.2.2 Coupled FE-SPH hypervelocity impact simulations for composites 

All of the target and projectile in the analytical models described in the previous section were 

discretized by particles. However, in many practical applications, SPH is used only in a part of 

a model, and the remaining part is analyzed by FEM. Such modeling is attributed mainly to the 

high calculation cost of SPH. Implementation of SPH into commercial software for dynamic 

simulations allows partial application of SPH. The coupling algorithm of SPH and FEM is 

found in literature [44]. 

Hypervelocity impact on composite targets have been analyzed for satellites and the 

international space station (ISS) since late 2000s. Projectiles and a part of target plates, which 

broke down into many fragments, have been modeled by SPH. A series of simulations 

[36,37,45-49] have been performed concerning hypervelocity impact on the Columbus module 

of ISS and satellite walls. The macro-mechanical material model [36] had been further 

improved to take into account nonlinear orthotropic constitutive behavior [45,46]. Shielding 

response of the first bumper (aluminum alloy) and intermediate composite layers was predicted 

by SPH, and the back wall was modeled by Lagrangian finite elements [45]. In the case of 

honeycomb structures [48,49], a part of the front face-sheet was modeled with SPH and was 

joined to a Lagrangian volume element grid, and shell elements were used for the honeycomb 

core. Optimization of the Whipple shield system has been investigated by combining the 

coupled FE-SPH simulation with optimization techniques [50,51]. 

A similar approach has been employed in the following studies along with more detailed FE 

modeling for composite materials. Cherniaev and Telichev [52] analyzed hypervelocity impact 

on a composite overwrapped pressure vessel to investigate the effect of filament winding 

patterns on vessel damage. SPH particles were used for both aluminum projectile and aluminum 

shielding plate to represent fragmentation, whereas a Lagrangian FE mesh was utilized for the 
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front wall of the composite vessels for accurate description of interfacial behavior. Their model 

was further improved to analyze meso-scale behavior of composite laminates, which included 

FE-modeling of individual plies and resin-rich interlayers and delamination, but SPH was used 

only in the projectile to represent its deformation and fragmentation [53]. 

 

2.2.3 Bird strike on composite structures 

Birds flow in a fluid-like manner over the target structure at a high velocity of interest. Soft-

body impact is thus a challenging problem, because the impact force distribution and its 

variation with time depend on the large deformation of the target and projectile [54]. SPH is 

appropriate for such a phenomenon. 

A good review on bird strike simulations and soft-body bird impactor models [55] pointed 

out that, after a long period of development, there are still three techniques widely used, i.e., 

Lagrangian FEM, Eulerian or Arbitrary Lagrangian-Eulerian (ALE) FEM, and SPH. All of 

them have their own advantages and drawbacks. SPH has numerical robustness against large 

deformation, thanks to absence of a mesh. However, dense particles are required for a given 

volume to obtain adequate behavior, and resulting high calculation cost is the major drawback. 

Lack of sharp boundaries due to Eq. (1) may affect the definition of fluid-structure interaction. 

Most of soft-body impact simulations on composite structures used SPH only for projectiles 

(gelatin substitutes) [56-64], although gelatin could not reproduce sliding of birds [65]. This is 

because an aircraft structure modeled by SPH particles provokes unrealistically high calculation 

cost, when considering inhomogeneous microstructure of composite materials. Again, see Ref. 

[44] for interaction algorithm between SPH and FEM. 

 

2.2.4 Other impact problems 
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Dynamic interaction between a structure and a fluid (i.e., hydro-elastic phenomena) can be 

observed in aeronautical, naval and sporting applications. A review on the water entry problems 

for aeronautical structures is found in literature [66], suggesting SPH as a possible tool to study 

such problems. FE-SPH coupling approach have been employed for water-entry simulations, 

and SPH has been applied to water [67-70], similarly to soft-body impacts. Comparison study 

among other methods like ALE-FEM pointed out the high calculation cost of SPH [67,70]. 

The other fluid-structure interaction problem is hydrodynamic ram event; the most well-

known accident is the Concorde accident in 2000. A high-velocity impact of a steel sphere into 

a partially water-filled CFRP woven laminate tank was simulated [71]. Lagrangian FEM was 

used to discretize the surrounding composite structure and the projectile, and the water was 

modeled by ALE-FEM or SPH. Both water models predicted well the overall process of the 

phenomenon, but high calculation cost of SPH was an obstacle for a large-scale simulation. 

Behavior of a composite sandwich panel against blast wave was also predicted through the 

same approach, and trinitrotoluene charge and resulting blast wave were discretized by SPH 

particles [72]. Behavior of gaseous products of detonation was described by the conservation 

equations and the Jones-Wilkins-Lee equation of state. 

 

2.2.5 Fabrication of composites 

Resin flow during composite molding process has been analyzed by SPH. The governing 

equations to be solved are the mass conservation equation and the Navier-Stokes equation. 

Comas-Cardona et al. [73] analyzed RTM of composite/foam-core sandwich using coupled FE-

SPH method to address the hydro-mechanical coupling. SPH particles and Lagrangian finite 

elements were used to represent the viscous resin and the elastic foam core. Deformation of the 

foam core due to resin pressure induced flow different from the initial condition because of 
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permeability variations and the formation of new channels. Hall et al. [74] applied SPH to 

mending process in self-healing composites. Resin filling process into an opened crack was 

capillary flow, and the surface tension was taken into account as an external force. 

SPH was also applied to flow of fiber suspension, and short steel fiber reinforced concrete 

was assumed to be a mixture of a non-Newtonian incompressible fluid and rigid bodies [75]. A 

rigid fiber was represented by two connected particles positioned at fiber ends. Such explicit 

fiber modeling enables us to monitor orientation and distribution of fibers throughout the 

molding process. 

A mesoscopic model for fabrication process of ceramic-matrix composites (CMCs) was 

developed using SPH. Solid-solid reaction was analyzed based on the continuity equation, the 

energy equation and the species equation, and evolution of the microstructure was predicted 

with heat flux [76]. Reaction between SiC matrix and filler particles (U3O8) was accompanied 

by continuous variation of composition, porosity and material properties. Lagrangian nature of 

SPH was suitable for handling filler shrinkage and resulting porosity change. Suitability to 

tackle multiphysics problems is an advantage of SPH, although the original SPH cannot define 

clear boundaries or material interfaces. 

 

2.2.6 Advanced modeling in SPH 

Chen et al. [77] proposed Lagrangian corrected SPH, which could define clear material 

interface discontinuities, to investigate debonding process in particulate composites. Explicit 

interfaces allowed the use of the cohesive zone model that provided a continuous interfacial 

traction but a displacement jump across interface. The material virtual work equation was 

written by the framework of SPH, and the resulting weak form equation was solved implicitly 

to compute the displacement field and its derivation. To obtain SPH expression for the 
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interfacial displacement constraint conditions, a spring potential function was defined, and a bi-

linear traction-separation relation was applied to material interfaces. 

Lin et al. [78] proposed shell-based SPH to address reduction of calculation cost. The 

governing differential equations of thin structures was based on a first-order shear deformation 

plate theory considering the geometrically nonlinear behavior. SPH strong formulation using 

the total Lagrangian framework was employed to avoid tensile instability, and the boundary 

deficiency was alleviated by a corrective smoothed particle method [79,80]. Several benchmark 

analyses involving large deformations of laminated structures were treated successfully by the 

shell-based SPH. Moreover, the shell-based SPH was applied to low-velocity impact on 

composite multilayered plates [81]. A single particle layer could not provide accurate contact 

pressure through the usual SPH algorithm. Nonlinear contact law of Hertz was then adopted to 

describe the relationship between the impact force and the indentation, considering the 

projectile as a rigid sphere. Difficulty in handling contact may become a limitation for solving 

a general impact problem accompanied by deformation of a projectile. 

Yashiro and Okabe [82] proposed the other approach to reduce calculation cost by solving 

SPH equations in a generalized coordinate system. This method achieved non-uniform initial 

particle arrangement; more specifically, particles were first allocated with a fine spacing in a 

direction required, and the particles were rearranged in a generalized coordinate system with a 

constant spacing in three directions. A soft-body impact simulation was performed by using 

SPH particles for all of the composite laminate and the gelatin projectile [83]. Figure 1 depicts 

the simulation results and corresponding high-speed camera images; the predicted deformation 

state agreed with the observation. This result demonstrated that the new approach could 

reproduce dynamic behavior of composite materials with a reduced calculation cost, while 

maintaining the intrinsic advantage of easy handling of large deformation and contact. 
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2.3 Summary 

SPH is a dynamic numerical method for continua, and its major advantage is easy handling 

of large deformation, contact and separation. In addition, SPH can be applied to various 

phenomena governed by differential equations because of the simple expression for differential 

of a field variable. SPH is therefore appropriate for multiphysics simulations. Some commercial 

dynamic FE codes incorporate SPH into their simulation frameworks, which facilitate a coupled 

FE-SPH simulation. 

The major drawback is the high calculation cost. When using fine particles to represent a 

microscopic structure of composite materials, the whole target will take unrealistic calculation 

cost due to the enormous number of particles. Moreover, update of the neighboring particle list, 

which is a time consuming routine, should be repeated at a short interval. Lack of a clear 

interface (discontinuity) due to the expression for the spatial distribution will also be a drawback 

for composite materials having inhomogeneous microstructures. This characteristic causes 

difficulty in analyzing interfacial behavior, e.g., incorporation of the cohesive zone model. 

 

3. Moving particle semi-implicit (MPS) method 

3.1 Differential operator models 

MPS method is a new particle-based numerical method for continua, particularly for 

incompressible viscous flow [84,85], but is applicable to solids [86]. Its formulation is found in 

literature [84,85,87]. The following differential operator models are the fundamental concept 

to discretize differential equations. 
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Here,  and u are scholar and vector variables, r is the position vector, w(r) = re/r – 1 (0<r ≤re) 

is a weight function, d is the dimensional number, and n0 is the constant particle number density. 

The subscripts a and b denote the indices of the particle of interest and its neighboring particle. 

 is a constant to cause the increase in statistical dispersion to conform to the analytical solution. 
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These differential operators enable us to solve the continuity equation and the Navier-Stokes 

equation without a mesh. Unrealistic oscillation frequently appears in the pressure distribution, 

and numerical algorithms to suppress the pressure oscillation have been studied [87-93]. 

 

3.2 Applications of MPS method to molding of composites 

MPS method has been applied to fluid engineering involving naval, civil and offshore 

engineering as well as micro-flow and biomechanics [94]. Although there are very few 

applications to composite materials, the Lagrangian nature is appropriate for molding analysis 

to investigate microstructure formation. However, a large-scale simulation is difficult due to the 

high calculation cost, and molding process has been predicted in a part of a component. 

Yashiro et al. [95] presented a numerical approach for predicting the injection molding 

process of short-fiber reinforced plastics using MPS method. The thermoplastic resin was 

assumed to be an incompressible viscous fluid, and the fibers were modeled as rigid bodies by 

connecting some particles. Motion of rigid fibers was then coupled weakly with viscous flow. 

The explicit model could track individual fibers, and this characteristic was useful to discuss 
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mechanism of fiber orientation. This approach was verified further by comparing predictions 

with theories and experiments [96]. Velocity distribution in a straight path coincided with the 

analytical solution of the Poiseuille flow, and distribution of the velocity relative to that of the 

flow front exhibited a fountain flow. Prediction of the fiber orientation angle in a simple shear 

flow agreed with the Jeffery’s solution. Correspondence between this approach and the 

orientation distribution function [97] was also discussed. Furthermore, prediction of fiber 

orientation distribution in a T-shaped bifurcation agreed well with experiment results. The series 

of validations demonstrated that this approach had capability to quantitatively evaluate the 

molding process of composite materials. Rigid fibers are good approximation for short fibers 

but are not appropriate for deformable long fibers. 

Matsutani et al. [98] applied the MPS simulation with rigid fibers to three-dimensional flow 

of a stampable thermoplastic composite sheet, and addressed reduction of calculation cost 

through four improvements, namely, implicit calculation of velocity, simplified pressure 

calculation, parallel computing, and parameterized walls. Compression molding of a circular 

plate and a rib structure was predicted successfully. Shino et al. [99] proposed an anisotropic 

fluid model for compression molding of the multi-layer long-fiber-reinforced thermoplastic. A 

composite sheet was assumed to be homogeneous fluid having anisotropic viscosity. 

Compression of four stacked layers resulted in a deformation state varied by each layer due to 

the anisotropy. 

Okabe et al. [100] analyzed microscopic resin flow in a fiber bundle, which is a part of RTM. 

Three phases (fibers, resin and air) were modeled explicitly to clarify the mechanism of air 

entrapments in a fiber bundle. Since capillary effect was significant in the microscopic flow 

between fibers, the surface tension was introduced as an external force. A Lenard-Jones-type 

surface tension potential was verified by droplet collapse and capillary flow. Microscopic flow 
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in a fiber bundle was then predicted, and the formation of micro-voids was investigated. 

A potential of surface tension for MPS method was found in literature [101], which was 

similar to that introduced into SPH [102]. This surface tension model was confirmed by several 

numerical analyses [103,104]. Figure 2 presents resin flow into (and between) some fiber 

bundles using the surface tension model [101] with two contact angles θ. Resin particles were 

drawn to fibers in the case of high wettability, and the center bundle was almost filled with resin 

when θ=60°. In contrast, poor wettability caused repulsive interaction between resin particles 

and fiber particles, and resin was difficult to flow into a fiber bundle. In such a case, resin passed 

faster between bundles than passing through a bundle, and finally, many air particles remained 

in the bundle when θ=120°. These microscopic flow simulations reproduced the experimental 

knowledge on micro-void formation [105]. 

 

3.3 Summary 

MPS method facilitates modeling of inhomogeneous fluid like fiber suspension. Their 

microstructure can be modeled explicitly without a homogenized constitutive law. More 

specifically, this modeling approach represents all inclusions and resin by an assembly of 

particles, and automatically analyzes the interaction between an inclusion and resin and 

between inclusions through the coupling scheme. Non-Newtonian nature of resin can be 

considered by assigning local viscosity as a function of the shear rate and temperature to a 

particle. It is noted that MPS method is applicable to other problems like heat transfer and solids, 

since it provides a discretized expression of a general differential equation as with SPH. A more 

realistic molding simulation is thus possible. However, when solidified resin is represented by 

particles, bumpy surface will be generated on a mold, resulting in a disturbed flow. Unrealistic 

oscillation of pressure is also a significant issue to obtain quantitative results. Moreover, high 



15 

calculation cost is a severe limitation for a molding simulation of a full-scale component. 

Therefore, prediction of whole molding process of composite components will need further 

development. 

 

4. Discrete element method (DEM) 

4.1 Fundamental concept 

DEM was proposed to analyze motion of discontinuum like powders and sand particles 

[106,107]. This method is often referred to as distinct element method in civil engineering. 

Elements (i.e., particles) are assumed to be rigid, and motion of each particle is calculated based 

on Newton’s second law. The force and torque acting on a particle are calculated by considering 

all particles contacting with the particle of interest. A rigid particle allowed to overlap slightly 

with other particles, and the contact force is calculated from the overlap by the Voigt model 

having a spring and a dashpot connected in parallel. There are several models for the spring and 

the dashpot [108-113], and the influence of the material properties for the contact model was 

described in a review article [114]. 

Spherical particles have been frequently used because of easy handling of contact. Ellipsoid 

and polyhedral particles have also been developed [115]. An arbitrary shape is represented by 

the clumped particle model, in which spherical particles are connected together rigidly [116-

118]. Naturally, this model provides an approximate shape consisting of some arcs. 

It is noted that DEM is a numerical method for assembly of discrete particles, not a 

discretization method for differential equations like SPH and MPS method. The numerical 

algorithm solving the equation of motion for the individual particles in a time marching manner 

is similar to the molecular dynamics. 
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4.2 Applications 

DEM has been employed to predict dynamic behavior of particulate systems with weak 

bonds, e.g., particle packing and particle flow. Applications of DEM can be found in a wide 

range of engineering such as solid mixing, die filling, powder conveying, milling, and fluidized 

bed [119-121]. Analysis of motion of balls in a ball mill (Fig. 3) is a typical work of DEM (e.g., 

[122]). The balls passed through approximately constant paths due to the two dimensional 

simulation. In the actual milling process, powders will be crushed and stuck to balls, resulting 

in a change in the material properties of the contact model used. A large-scale practical 

simulation of bead milling has been presented recently using coupled DEM-MPS method for 

solid-fluid multiphase flow [123]. 

 

4.2.1 Concrete 

Asphalt concrete is an inhomogeneous material that includes aggregate in cement. Many 

applications of DEM to concrete can be found in literature and a review [124]. Macroscopic 

deformation and failure of concrete will be predicted by homogenizing the material and 

calibrating properties of the spring and dashpot (e.g., [125,126]). This section, however, focuses 

on some studies that represents explicitly the inhomogeneous nature. 

In the very early work [127], only gravel was modeled by particles, and mortar was assumed 

to be nonlinear springs. This approach could consider not only contacts between gravel particles 

but also binding effect of mortar. This work was applied to local damage prediction in concrete 

structures due to impact loading [128]. 

In recent years, both of aggregate and cement have been modeled by particles, and an 

arbitrary shape of aggregate has been represented by tying up some particles [129-131]. Inter-

particle contacts have been treated by a brittle linear spring or a bilinear softening spring. 
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Influence of aggregate on macroscopic material properties and failure was investigated through 

this explicit modeling approach. Kim et al. [132,133] implemented a bilinear cohesive zone 

model into the DEM framework to predict crack initiation and propagation in asphalt concrete. 

Crack propagation in a homogeneous disk-shaped compact tension specimen (i.e., a dense-

graded asphalt concrete) agreed well with an experiment result. Furthermore, an image-based 

inhomogeneous DEM model, in which large aggregate was represented explicitly by some 

particles tied together, was constructed to simulate microscopic fracture process. 

 

4.2.2 Powder compaction and sintering of particulate composites 

The four major mechanisms of densification in powder compaction are rearrangement, 

plastic deformation, creep, and diffusional flow. DEM is an approach that allows all of the 

above mechanisms. Contact models, i.e., relationship between the overlap of two particles and 

the repulsive force, have been investigated for a pure material to achieve valid behavior up until 

high compaction rate (e.g., [134,135]). These models have been applied to metal-matrix 

composites (MMCs) and CMCs. Martin and Bouvard [136] analyzed 3D compaction of mixture 

of soft and hard particles to study the effect of hard-particle sliding on the compaction behavior 

considering viscoplastic deformation. The friction coefficient of hard-hard particle contacts 

played a significant role in development of a load-carrying network by hard particles, which 

would prevent deformation of soft phase. A decohesion model was introduced into DEM to 

analyze the unloading behavior (spring-back) of powder compacts [137]. The effect of bimodal 

size distribution on compaction of spherical metallic powders was also studied [138]. The 

initially-obtained high relative density achieved compaction by a strain smaller than uniform 

size packing. This result is beneficial for control of part dimensions both at the compaction 

stage (unloading) and the post-compaction process (sintering). Skrinjar and Larsson [139] 
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analyzed cold compaction of composite powders with size difference. When the volume 

fraction of large and hard particles was high, predictions suggested a much stiffer response of 

the powder compound than theoretical ones. Methods were also presented for determining pore 

distributions from the final particle arrangement [140]. 

Sintering simulations have been performed by using a contact force model that describes the 

sintering process. Olmos et al. [141] analyzed sintering behavior of metal powders mixed with 

ceramic inclusions. Sintering contact models were assumed that mass transport mechanisms are 

governed by grain boundary diffusion. Metal-metal contacts were represented by a constitutive 

law that considered diffusion and surface energy effects in the sintering process, while ceramic-

ceramic contacts and ceramic-metal contacts were assumed to be elastic and viscous. Yan et al. 

[142] generalized this sintering contact model for multi-size particle mixtures and investigated 

the effect of volume fraction, size and homogeneity of rigid non-sintering inclusions on the 

densification behavior. The improved model was applied to microstructure evolution during co-

sintering of ultrathin multilayer ceramic capacitors [143]. 

 

4.2.3 Mechanical behavior and damage accumulation in composites 

Mechanical properties and damage accumulation in composite materials have been evaluated 

by DEM within the last decade, because contact/parallel bond models [107,108] and cohesive 

contact models [132,144] have been developed for materials under tensile loading. Here, the 

contact bond can carry only force, while the parallel bond can carry both force and torque. 

These models along with the particulate nature of DEM enables reinforcement/matrix explicit 

modeling. 

Wittel’s works [145,146] are the first attempts that predicted crack onset and accumulation 

in fiber reinforced plastics (FRPs) by DEM. A disordered spring network model was proposed 
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to study accumulation of transverse cracks in cross-ply laminates in the fabrication process of 

carbon/carbon composites [145] and in the tensile loading process [146]. Random breaking 

thresholds were assigned to springs to handle stochastic nature of transverse cracks. 

Potyondy and Cundall [107] proposed a bonded-particle model and implemented it into a 

commercial DEM code. Although this model was proposed for rocks, it is applicable to various 

materials subjected to tensile loading. There are two modeling approaches for composite 

materials. One represents high-content reinforcements by particles and takes into account the 

effect of surrounding matrix by the bond model [147]. The other represents both of 

reinforcements and matrix by particles and applies appropriate bond models to links between 

reinforcements, between matrices, and between a reinforcement and a matrix [148]. The former 

will provide reasonable macroscopic behavior with low calculation cost, but efforts will be 

required for calibration of the bond model. The latter will take a higher calculation cost but can 

evaluate microscopic properties between reinforcements and matrix. Composite materials have 

been modeled by the latter approach. 

Ye and his colleagues focused on various inhomogeneity in FRPs and performed several 

failure analyses, namely, cracking in a 90° ply [149], microbond test [150], interlaminar 

toughness evaluation [151], and generation of transverse cracks and delamination in a cross-

ply laminate [152]. The microstructure was modeled by employing different constitutive laws 

and material parameters for different constituents and interfaces. A contact softening model 

which was similar to the cohesive zone model was used to account for the matrix-matrix bonds, 

fiber/matrix interfaces and 0°/90° ply interfaces. 

Curvy warp yarns as well as fibers and matrix in weft yarns in woven composites were 

modeled explicitly [153,154]. Short-fiber reinforced cementitious composites were modeled in 

a similar manner to investigate influence of fibers on the cracking path and the macroscopic 
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stress-strain relation [155]. The contact bond model has been applied to adhesion between two 

different materials such as metal/foam core sandwich panels [156] and concrete/FRP bonded 

joints [157,158] for predictions of disbond onset. 

Most recently, mechanical properties and damage extension of composite materials have 

been analyzed by considering the representative elementary volume (REV). Haddad et al. [159] 

developed DEM-based REV of a ceramic-particle/epoxy composite and compared elastic 

properties with those obtained by other numerical simulations and analytical solutions. Ismail 

et al. [160] predicted accumulation of micro-cracks and formation of a ply-crack by using 2D-

REV of unidirectional FRPs under transverse tension. Ismail et al. [161] proposed an approach 

to develop DEM-based REV of a transverse ply with considering fiber diameter variation and 

random allocation of fibers. Maheo et al. [162] modeled 3D-REV of a single fiber surrounded 

by matrix to treat local damage like debonding. Le et al. [163] improved the contact model for 

interfacial debonding used in Ref. [162] and predicted growth of a single crack in a multi-fiber-

composite model under transverse tension. 

 

4.2.4 Other topics on composite materials 

Machining of CFRPs is difficult due to the inhomogeneous and anisotropic nature and to the 

abrasive behavior of carbon fibers. Process of orthogonal cutting have been analyzed by FEM 

to clarify the mechanism of fiber cutting, chip ejection and damage extension [164,165], 

although it is rarely used in practical machining of FRPs. Taking advantage of easy handling of 

fracture at an arbitrary position, orthogonal cutting of a unidirectional CFRP plate was 

simulated [166]. DEM prediction agreed well with experimental observations and described 

faithfully the mechanisms of composite cutting. DEM simulation has possibility of predicting 

abrasive wear of a cutting tool by representing it by particles. 
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Thermal conductivity of composite materials has been predicted with taking into account 

their microstructures [167,168]. In these studies, fabrication of the material was first analyzed 

by DEM, and REV was extracted from the obtained particle arrangement. This REV was 

discretized by finite elements, and the overall thermal conductivity was analyzed by FEM. This 

approach can investigate influence of microstructure and contact state on macroscopic material 

properties. 

DEM has recently been applied to multi-scale analysis [169,170]. The explicit modeling 

capability and various particle linking models facilitate microscale and meso-scale analyses. 

Passing material properties between different scales will be a tough challenge in multi-scale 

analysis, since DEM usually requires calibration of contact models to reproduce dynamic 

response of materials. 

 

4.3 Summary 

DEM has the following inherent advantages from its theoretical development: (1) the discrete 

nature of a material can be modeled explicitly by particles; (2) the calculation algorithm is 

robust over changing contacts and moving boundaries; (3) large deformation and frictional 

sliding between particles are handled routinely. Good applications can thus be found in dynamic 

motion of particulate systems with weak bonds. DEM has also been applied to materials under 

tensile loading by using improved contact models. Since an arbitrary pair of particles satisfying 

a failure criterion breaks automatically, DEM is useful for predicting fracture of a material with 

strong inhomogeneity. More specifically, DEM has no need to insert a special contact 

representing material failure into a specified position just like cohesive elements in FEM. Ease 

of image-based modeling [132,133,171] is the other advantage for composite materials. 

It should be noted that calibration of contact models is required to obtain adequate 
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macroscopic material response. Properties of contact models between particles are different 

from macroscopic material properties even for a pure material. 

 

5. Concluding remarks 

Three particle simulation methods, namely SPH, MPS and DEM are introduced. These 

methods have the common advantages of easy preprocess for a complex-shaped object and easy 

handling of large deformation and moving discontinuity (e.g., motion of crack tips and free 

surfaces). The major drawback is significantly high calculation cost compared with FEM. With 

expanding use of composite materials, our composite community has to overcome wide range 

of engineering challenges, and the particle simulation methods will be appropriate for a part of 

them. This review article described approaches for modeling composite materials based on 

particles. Characteristics of the methods are summarized as follows. 

- SPH is a dynamic simulation method for continua. The interpolation equation to represent 

spatial distribution and its differential expression enables analyses of various phenomena 

described by differential equations. Difficulty in defining a clear boundary is a drawback 

for explicit modeling of inhomogeneous materials. The scale of heterogeneity in SPH 

simulations is mostly a lamina, and effects of microstructure have been considered in 

constitutive laws. In practical fluid-solid interaction problems, SPH has been applied only 

to fluid, and FEM has been used to analyze dynamic response of composite structures. 

- MPS method is applicable to inhomogeneous fluid. Inclusions and voids can be modeled 

explicitly by particles. MPS method have thus been used for predicting molding process of 

composite materials to clarify mechanism of microstructure evolution. Non-Newtonian 

nature and surface tension of resin can be handled easily. Unrealistic pressure oscillation is 

an issue for quantitative evaluation. 
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- DEM is a dynamic simulation method for discontinua. DEM is basically appropriate for 

particulate systems like powders and sands, but it has been applied to solids under tension 

by using various contact models. Because DEM facilitates modeling of an inhomogeneous 

material and representating fracture at an arbitrary point, it has recently been used to predict 

onset and accumulation of microscopic damage in FRPs. Calibration of contact models is 

required to obtain adequate macroscopic responses. 

These three methods are useful for special phenomena and have several difficult issues such 

as their high calculation cost. It should be noted that they are not substitutes for FEM. 
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Figure captions 

Fig. 1 Soft-body impact on a composite laminate. A CFRP cross-ply laminate, which was 165 

mm long, 50 mm wide, and 1 mm thick, was fixed like a cantilever, and a gelatin ball 

with 20 mm diameter and 4.3 g mass was collided at the center of the plate at 155 m/s. 

The SPH model had fine spacing in the through-thickness direction, and the number 

of particles was 1040000 that was one fourth of the conventional SPH. 

Fig. 2 Resin impregnation into fiber bundles. Particles representing air were initially 

arranged in and between bundles. Surface tension was taken into account between 

resin particles and fiber particles. 

Fig. 3 Motion of hard balls in ball milling process. A nonlinear contact model based on the 

Hertzian stress was used for both steel balls and a circular steel wall. (a) Initial 

condition after free fall of balls. (b) Trajectory of all balls for 3 seconds under a 

constant rotating speed. 
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